Heat shock proteins Heat shock proteins (HSPs) are the product of heat shock genes, initially defined as genes induced by a short, sudden temperature elevation above normal; however, many HSP genes are induced by stressors other than heat shock, and some are constitutively expressed essential proteins. Initially, HSP70 was recognized as an intracellular chaperone with a central role in protein folding of nascent and denatured proteins (1-4), and extracellular HSP70 was thought to be the result of cell death. A body of work has now demonstrated that HSP70 is released from a wide variety of cells via a noncanonical secretion pathway (5, 6) , as the sequence is devoid of a consensus secretory signal, and inhibitors of the common secretory pathway fail to block secretion. HSP70 is thought to share secretion pathways used by other leaderless proteins that are nevertheless secreted, such as IL-1β, but this remains an area of active research. HSP70 is a highly evolutionarily conserved molecule, from bacteria to people. In humans, it has expanded from the single DNAK protein found in bacteria to a family of at least 17 members in humans (7) . Further, some of the genes likely produce more than one mRNA and protein variant. Because it is such an ancient protein and because it has always been involved with stress sensing and stress resistance, it is not surprising that it also participates with two organ systems that have evolved to sense environmental challenges and respond to them, the nervous system and the immune system. Indeed, it is especially in these two systems that HSP70 roles beyond the classical intracellular locations have begun to be revealed.
HSP70 has been shown to have many paracrine effects, especially in the setting of injury and repair. Extracellular HSP70, both free and endosome/vesicle-associated, provides information about stress and cell injury. It acts as an alarmin or damageassociated molecular pattern; activates signaling cascades, including the cytokineinducing MyD88/IRAK/NF-κB pathway (8); regulates signaling pathways, including FOXO and the MAPK p38 (9); and acts on numerous cell types, including immune cells, epithelial cells, hepatocytes, and neurons. For example, HSP70 plays a central role in the regulation of inflammation and regeneration following muscle injury (9) .
The article by May et al. reports that HSP70 release from supporting cells is necessary and sufficient to protect mechanosensory hair cell neurons from the toxic effects of aminoglycoside antibiotics (10). This is of broad importance, as there are often the case, the picture that is developing is complex. HSP70 has been shown to be both strongly immunostimulatory and immunosuppressive, depending on the cell type and context. Much of this work has focused on the ability of HSP70 to modify the response to tumors, facilitating the elimination of tumor cells, but there are also intriguing data in the setting of chronic inflammatory disease, including rheumatoid arthritis, diabetes, and atherosclerosis, in which HSP70 may exert immune modulatory antiinflammatory effects via T regulatory lymphocytes (19, 20) . HSP70 can induce proinflammatory cytokine production in a calciumand NF-κB-dependent manner via TLR2 and 4 (8), as well as inhibit inflammatory cytokine production by inhibiting NF-κB activation (17) .
Most of the potential HSP70 receptors identified thus far are best known for their function in the immune system, though they are also expressed on other cell types. Possible receptors include members of the Toll-like receptor family, especially TLR2 and 4, as well as some scavenging receptors, including LOX-1, SREC-1, and FEEL1, representing another family of pattern recognition receptors and C-type lectins (21) . Also, the α2-macroglobulin receptor CD91 (22) was implicated in allowing highly efficient antigen presentation by the complex of antigenic peptide with HSP70, which requires APCs. Thus, extracellular HSP70 participates in both the innate immune response and the adaptive immune response.
A growing body of work documents many roles for extracellular HSP70, especially in immune regulation, but also increasingly in communication between cells and between tissues and the immune system. Key questions remain with regard to the receptors for HSP70 on different cells, including neurons, as well as to the signaling pathways involved and how this signaling alters the cell's phenotype. The role of extracellular HSP70 in many disease states and in aging are also important outstanding questions. The possibilities of using HSPs for neuroprotection are tantalizing but will require greater understanding for successful translation into clinical use. (10) is consistent with a growing body of literature suggesting that HSP70 can be provided to neurons by glial cells (13) . This is especially beneficial since neurons themselves have a reduced ability to induce HSP70 in response to stress, reflecting differences in transcription factor expression and regulation (14) . Early work suggested that HSP70 could be transferred to axons from neighboring glia, and extracellular HSP70 was shown to protect motor neurons (13, 15) . HSPs have been shown to protect the nervous system from a variety of stresses and neurodegenerative diseases (16, 17) . Further interesting work in the nematode C. elegans describes a different interaction between the induction of HSP70 and the nervous system, allowing the intact organism to distinguish acute stress from chronic stress. Heat-sensing neurons inhibited induction of the heat shock response with chronic stress, demonstrating noncell-autonomous control of HSP induction (reviewed in ref. 18 ). The work by May et al. extends current knowledge of the roles of extracellular HSP70 in the CNS (10).
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HSP70 and the immune system
The article by May et al. (10) raises an important question: which receptors transduce the protective signal carried by HSP70? This merits further investigation because the answer may indicate ways to improve, stimulate, or simulate the interaction of HSP70 with its surface receptor for therapeutic protective purposes. There are already clues in the literature pointing to a variety of possible receptors, some thought to mediate internalization and others thought to mediate signaling, but our understanding of this area is still in an early stage.
Much of the work to better understand the role of extracellular HSP70 has been performed in the immune system. As is currently no known ways to reduce the ototoxicity of aminoglycoside antibiotics, which are widely used and cause significant hearing loss or impaired balance in up to 20% of patients receiving these drugs. It is estimated that 500,000 patients each year in the United States suffer hearing loss or balance impairment from the use of ototoxic therapeutic medications.
A unique organotypic utricle culture system was used to investigate the mechanism of HSP70 protection in this setting, and the authors demonstrate that the release of HSP70 from the glia-like supporting cells that nestle at the base of the hair cells leads to this protection. There are two central findings here that advance understanding in this field: first, that the neighboring glial cells release the HSP70 that provides protection; and second, that extracellular HSP70 appears sufficient to protect the neurons, without requiring significant uptake. This points to a critical role for signaling by HSP70, rather than its canonical function as a direct molecular chaperone. The work extends the broader understanding of the role of extracellular HSP70 as a molecule conveying signals from one cell to another, likely via binding to cell surface receptors; however, the receptor for HSP70 in this setting is unknown.
In addition to being found in plasma in the setting of disease, it is now clear that stresses that do not induce substantial cell death, including psychological stress and exercise, lead to significant increases in extracellular HSP70 (5) . The findings reported by May et al. (10) also suggest the possibility that defective chaperone secretion or function could directly contribute to hearing loss/balance disturbance if the hair cell is not protected, similar to what happens in other conditions in which defective chaperones contribute to pathogenesis (11) .
Immune and nervous system reflexes Both functional and anatomic connections between the immune system and the CNS are now recognized. There are immune neuronal reflexes that allow communication of immune system information from the periphery to the CNS via sensory afferents traveling through the vagus nerve, as well as neuronal efferents from the nucleus ambiguous and dorsal motor nucleus, again traveling through the vagus nerve to innervate immune organs, including the spleen, lymph nodes, and thymus. In addition to signaling via sensory neurons, the peripheral immune system can communicate with
